Obesity is a major risk factor for the development of diabetes, insulin resistance, dyslipidemia, cardiovascular disease and other related metabolic conditions. Obesity develops from perturbations in overall cellular bioenergetics when energy intake chronically exceeds total energy expenditure. Lifestyle interventions based on reducing total energy uptake and increasing activities including exercise have proved ineffective in the prevention and treatment of obesity because of poor adherence to such interventions for an extended period of time. Brown adipose tissue (BAT) has an extraordinary metabolic capacity to burn excess stored energy and holds great promise in combating obesity and related diseases. This unique ability to nullify the effects of extra energy intake of these specialized tissues has provided attractive perspectives for the therapeutic potential of BAT in humans. Browning of white adipose tissue by promoting the expression and activity of key mitochondrial uncoupling protein 1 (UCP1) represents an exciting new strategy to combat obesity via enhanced energy dissipation. Members of the transforming growth factor-beta (TGF-β) superfamily including myostatin and follistatin have recently been demonstrated to play a key role in regulating white adipose browning both in in-vitro and in-vivo animal models and thereby present attractive avenues for exploring the therapeutic potential for the treatment of obesity and related metabolic diseases.
Introduction
Metabolic consequences of obesity represent a significant global problem. Excessive adiposity is responsible for more than three million deaths and a significant cause of disability resulting from perturbed glucose and lipid metabolism [1] . Adipose tissue has traditionally been sub-classified into white adipose tissue (WAT) and brown adipose tissue (BAT), which play opposing roles in regulating energy balance. While WAT acts as the main site of metabolic energy storage, BAT is a specialized thermogenic tissue that burns excess stored energy to produce heat [2] . It was a long-standing, prevailing view that BAT exists only in newborns and small mammals and that adult humans do not have active BAT; the metabolic relevance of the tissue in adult human physiology has long been neglected [3] . Landmark papers by several independent groups provided clear functional and molecular evidence for the presence of active BAT depots in adult humans [4] , [5] . Data from recent population studies demonstrate an inverse relationship between BAT and resting plasma glucose and lipid levels, suggesting a role for BAT in regulating key metabolic aspects in human population [6] . While whole body glucose disposal and insulin sensitivity were enhanced in subjects with significant amounts of BAT, these effects were blunted Rajan Singh is the corresponding author. ©2017 Walter de Gruyter GmbH, Berlin/Boston. in obese individuals with undetectable BAT activity [6] . Similar metabolic advantage could also be achieved through a series of genetic and pharmacological manipulations of traditional WAT depots through a process called browning of WAT [7] , [8] . Browning of white adipocytes, also called "beige" or "brite" (brown in white) adipocytes, shows a population of cells that exhibit BAT-like characteristics in response to certain external cues [9] , [10] . Browning can be achieved in response to various environmental and pharmacological stimuli such as cold exposure, response to β-adrenergic agonists such as CL 316,243, exercise and environmental and endocrine factors, amongst others [8] , [11] . These beige or brite cells are capable of expressing uncoupling protein 1 (Ucp1) and displaying thermogenic capacity which is comparable to BAT cells [2] , [8] . However, their expression profile is distinctly different and varies substantially depending on fat depot and origin [12] . A strong inverse association between browning propensity in WAT and genetic susceptibility to diet-induced obesity in rodents has been reported, and this genetic susceptibility is linked to the Ucp1 expression in WAT [13] . The browning process is regulated by a complex hormonal interplay and many other browning agents. The list of currently known browning factors range from food compounds, drug substances, metabolites, microbiome, transgenes, gene knockouts and altered living condition [14] , [15] , [16] . Both brown and beige adipocytes have the potential to be metabolically beneficial due to their unique ability to burn excess stored energy and alter the balance between energy intake and energy expenditure. As several excellent reviews have highlighted the importance of white adipose browning in regulating key metabolic aspects that has the potential to combat obesity and related diseases [11] , [17] , [18] , [19] , [20] , we will briefly examine the emerging role of two key members of the transforming growth factor-β (TGF-β) superfamily, namely myostatin (Mst) and follistatin (Fst).
Plasticity, biogenesis and molecular gene signature of brown/beige adipocytes
White and brown adipocytes represent two major types of adipocytes that have fat droplets, but they differ significantly in morphology, function and developmental origin [2] . White adipocytes that mainly store energy have unilocular fat droplets and have relatively fewer mitochondria. In contrast, brown adipocytes that are specialized adipose tissues responsible for burning excess energy have abundant mitochondria expressing high levels of UCP1 and have small multilocular fat droplets [3] . Beige adipocytes represent yet another kind of inducible form of thermogenic adipocytes that have low UCP1 expression at the basal conditions but could be induced by several factors to express high levels of UCP1 and promote energy consumption [1] , [2] . The expression level of PR domain containing 16 (PRDM16), a zinc finger-containing transcription factor is high in mouse BAT compared to visceral WAT [21] . A knock-down of PRDM16 in brown fat cells leads to an increase in white adipose and muscle-specific genes, suggesting that it acts as a key regulator of brown fat cell fate [21] . During embryonic development, BAT is known to be one of the earliest fat depots to form [9] . Interscapular BAT is the most prominent depot that plays a major role in maintaining infant body temperature during very early years of life and is known to regress progressively with age [22] , [23] . Experimental findings from the lineage tracing of adipocytes in vivo have clearly demonstrated that BAT arises from Myf5-expressing (Myf5+) precursors, a key myogenic regulatory factor expressed in committed skeletal muscle precursors [24] . Pulse-chase experiments using another myogenic marker Pax7 showed that the divergence of brown adipocyte precursors and skeletal muscle occurred between embryonic days 9.5 and 11.5 in mice [25] . In epididymal (Epi) WAT, UCP1-expressing beige adipocytes arise through the proliferation and differentiation of precursors that express platelet-derived growth factor receptor α (PDGFRα), CD44, and SC1 [26] . Beige adipocytes in the inguinal WAT are reported to arise from Myf5-negative (Myf5−) cells, although this concept has recently been challenged. Lineage analysis studies have suggested that subsets of white adipocytes originate from both Myf5+ and Myf5− precursors and respond to β3-adrenergic stimulus [27] . Another recent report showed that a subset of UCP1-positive beige adipocytes arise from precursors that express Myh11, a selective marker for smooth muscle cells [28] . These findings, therefore, collectively suggest that beige adipocytes may have distinct cellular origins from classical BAT and are composed of heterogeneous cell populations. Trans-differentiation has also been suggested to allow efficient conversion of white adipocytes to brown adipocytes and vice versa [29] . Warm adaptations are also reported to convert beige adipocytes into matured white adipocytes [30] . Similar conversion of beige to white adipocytes has also been speculated to result from aging [23] . In spite of all these recent findings supporting the evidence for trans-differentiation, this hypothesis still needs to be critically analyzed by studying the life-cycle of beige adipocytes.
Although beige and brown adipocytes share some of the same key markers including UCP1 and PRDM16 at differential levels under basal conditions, analysis of clonal cell lines demonstrate that beige and brown fat cells have related but distinctly different gene expression profiles [31] . Despite the heterogeneity of fat tissue and clonal cells, the expression levels of TMEM26, CD40 and TBX1 were reported to be highly enriched in beige adipocytes [31] . Gene expression analysis in adipose tissues isolated from inguinal fat and interscapu-lar BAT from 129SVE mice identified several other beige-selective genes including Klhl13, CD40, Ear2, Sp100 and Slc27a1 [31] . Microarray and histological analyses of human BAT that possesses a molecular signature resembling beige cells identified Cited1, HoxC8 and HoxC9 [32] and Shox2 [33] as additional beige-selective markers. Molecular profiling of embryonic brown preadipocyte cells identified Early B-cell factor 2 (Ebf2) as one of the most selective marker for brown and beige adipogenic precursor cells [34] . On the other hand, classical brown adipocyte cells selectively express Eva1 [31] , Zic1 [35] , Lhx8 [35] , [36] , and Epsti1 [32] . Additional brown-selective genes including Fbxo31, Pdk4, Acot2, Ebf3, Hspb7, Slc29a1 and Oplah were reported using adipose tissues isolated from WAT and interscapular BAT isolated from 129SVE mice [31] .
Differences in the molecular signature of microRNA (miRNA) between brown and beige adipocytes have recently emerged. By comparing the genome-wide miRNA expression patterns of mouse WAT and BAT using miRNA microarrays, Sun et al. [37] identified brown-fat-enriched miRNA cluster Mir193b-365 as a key regulator of brown fat development. Subsequent studies using comparative analysis of miRNA expression profiling in mouse and human BAT and cells identified several other miRNAs including miRNA182 and miRNA203 that are required for maintenance and differentiation of brown adipocytes [38] , [39] . MiRNA106b and miRNA 93 have been identified as negative regulators of brown fat differentiation [40] . Similar positive (Mir196a) and negative (Mir133) regulators of beige adipogenesis have also been reported [41] , [42] . Thus, available data on molecular expression profiles suggest a clear difference between BAT and beige fat miRNA gene signatures in mouse and human tissues and cells.
Adipose browning and metabolic health
Obesity and associated metabolic disorders represent major health problems not only in the United States, but also all around the world [43] . According to the World Health Organization report, more than one billion adults are overweight. The population of essentially obese [body mass index (BMI) >30] people extends beyond 300 million and this number is predicted to increase by more than 50% by the year 2025 [1] . These alarming numbers suggest that the burden of these metabolic diseases have a profound global economic impact. The balance between the WAT and BAT affects systemic energy balance and is widely believed to be the key determinant during the development of such metabolic diseases [44] . Apart from its role in promoting energy expenditure and body weight regulation, activation of BAT may contribute to whole body physiologic and metabolic processes unrelated to weight change [45] . BAT is reported to be the most active tissue type for promoting triglyceride (TG) clearance [46] and it regulates glucose homeostasis and insulin sensitivity [47] .
Metabolic consequences of adipose browning in animal models
Adipose browning in animal models either through genetic or pharmacological manipulation or transplantation of BAT is extensively being investigated to explore possible metabolic benefits. The targeted disruption of Cidea inhibits the uncoupling activity of UCP1 and results in lean mice that are resistant to diet-induced obesity [48] . Ectopic expression of BAT in mouse muscle protects from high-fat-diet-induced obesity, hyperglycemia and insulin resistance [49] . Recent studies using BAT transplants have shown highly promising results in animal models in modulating metabolic outcomes [50] , [51] . Subcutaneous (SC) transplants of BAT could correct type 1 diabetes in streptozotocin-treated mice with severely impaired glucose tolerance and a significant loss of adipose tissue [50] . BAT transplants resulted in euglycemia, normalized glucose tolerance, reduced tissue inflammation and the reversal of clinical diabetes markers [50] . In another study, BAT transplantation from male donor mice into the recipient mice resulted in improved glucose tolerance, increased insulin sensitivity, lower body weight, decreased fat mass and a complete reversal of high-fat-diet-induced insulin resistance [52] . This improved metabolic advantage in recipient mice was lost when the transplanted BAT was obtained from IL6-knockout mice [52] . BAT transplanted from C57/BL6 mice into the dorsal SC region of age-and sexmatched leptin-deficient Ob/Ob mice led to a significant reduction of body weight gain, increased oxygen consumption and decreased total body fat mass, resulting in the improvement of insulin resistance and liver steatosis [52] . Most recently, activation of BAT has also shown to reduce hypercholesterolemia and protect mice from atherosclerosis development by enhancing the selective uptake of fatty acids from TG-rich lipoproteins into BAT and accelerating the hepatic clearance of cholesterol rich remnants [53] .
Adipose browning in humans
Several lines of evidence from clinical studies in human adults suggest that BAT has an anti-obesity function and it protects from metabolic syndrome. Yoneshiro et al. [54] showed that a daily 2-h cold exposure at 17 °C for 6 weeks resulted in increased BAT activity, increase in energy expenditure and concomitant decrease in body fat mass. Induction of beige/brown fat in humans has also been shown to reduce glucose levels along with increase in insulin sensitivity [6] . These effects may be due to the ability of BAT to channel glucose and lipids towards oxidation or secretion of novel adipokines that target important metabolic tissues. One such protein is FGF21, which is largely upregulated in both BAT and beige during prolonged cold-exposure and is a well-recognized metabolic regulator owing to its glucose lowering effects [55] . Although in human studies, the effect of BAT activation has mainly focused on glucose metabolism, recent data also suggest that it contributes to TG metabolism. BAT-positive subjects have lower plasma TG and higher high-density lipoprotein-cholesterol (HDL-C) levels [56] . Furthermore, lipoprotein lipase (LPL) expression in perivascular BAT depots surrounding the aorta is negatively correlated with plasma TG levels [57] . Stem cells derived from human WAT treated with with peroxisome proliferator-activated receptor γ (PPARγ) agonist rosiglitazone or bone morphogenic protein 7 (BMP7) easily differentiate into beige adipocytes and have markedly enhanced oxygen consumption [58] , [59] . In a recent report, thermogenic adipocytes were reported to promote HDL lipidome remodeling in humans after cold exposure irrespective of total plasma HDL-C concentrations [60] . The amount of metabolically active BAT is reported to be particularly low in patients with obesity. Several critical processes might contribute to the loss of BAT mass and activity in humans during obesity or even aging; the functional decline might start with impaired responsiveness due to insulin resistance that may promote apoptosis of mature brown and beige adipocytes [61] . The presence of BAT is also associated with a lower risk of nonalcoholic fatty liver disease (NAFLD) in adult humans. Analysis of whole body positron emission tomography-computed tomography (PET-CT) scans of 1832 patients found that the odds ratio for having NAFLD was significantly higher in subjects with significantly low or undetectable BAT [62] . In light of these findings, it is obvious that increased brown/beige adipose activity represents one important promising approach for the therapy of various metabolic diseases in the future.
Transforming growth factor-β (TGF-β) superfamily and adipose browning
Members of TGF-β and related factors play important roles in growth, development and regulation of diverse cellular functions in various cell types. Yadav et al. [63] elegantly demonstrated the importance of TGF-β signaling in controlling the appearance of brown adipocytes within the WAT and regulating glucose and energy homeostasis. Using Samd3−/− mice, this group demonstrated that Smad3 loss induced WAT browning and promoted mitochondrial biogenesis and function, and protected mice from diet-induced obesity and insulin resistance. These Smad3−/− mice were also protected from hepatic steatosis generally characterized by ectopic fat deposition in liver tissues after consuming a high fat diet. Further support for the role of TGF-β in the etiology of obesity-associated metabolic diseases came from studies that demonstrated a critical role for extracellular matrix protein microfibril-associated glycoprotein 1 (MAGP1) in supporting thermogenesis and protection against obesity and diabetes through regulation of TGF-β [64] . MAGP1 expression is significantly altered in obese humans, and inactivation of the MAGP1 gene (Mfap2−/−) is reported to result in adipocyte hypertrophy and predisposition to metabolic dysfunction. Mfap2−/− mice display defective adaptation to cold challenge, have lower levels of UCP1 expression in BAT and reduced browning of the SC WAT [64] . Treatment of these mice with TGF-β neutralizing antibody improved their body temperature and prevented increased adiposity [64] . Mice lacking MAGP1 have phenotypes consistent with altered TGF-β activity [65] . These results provided novel insight into the role of TGF-β with regard to activation of a brown adipocyte program within white fat and an opportunity to explore the therapeutic potential of targeting this pathway for the treatment of obesity and metabolic diseases. Pharmacological inhibition of activin receptor IIB (ActRIIB) in mice using neutralizing antibodies showed increased amounts of BAT without directly affecting WAT [66] . Gene set enrichment analysis following ActRIIB antibody treatment demonstrated significantly induced expression of genes regulating oxidative metabolism and mitochondrial function [66] . In another interesting study, Koncarevic et al. [67] administered a novel ActRIIB decoy receptor comprising a form of the extracellular domain of ActRIIB fused to human Fc (ActRIIB-Fc) that resulted in suppression of diet-induced obesity and related linked metabolic dysfunctions in mice on high fat diet along with increased muscle mass. While this treatment with the ActRIIB decoy receptor improved lipid profiles, prevented hepatic steatosis and increased energy expenditure, it did not affect total food intake, providing a strong argument in favor of increased energy expenditure following the treatment. Although this treatment led to significant increase in muscle mass in mice that could significantly contribute to increased energy expenditure, ActRIIB-Fc was also able to promote browning of WAT and upreg-ulated UCP1 expression in WAT of ActRIIB-Fc-treated mice. In conclusion, these reports identify therapeutic potential of blocking TGF-β/Smad3/ActRIIB signaling for obesity-related metabolic disorders.
Mst, irisin and white adipose browning
Mst, a secreted growth factor and a key member of the TGF-β superfamily has emerged as an important regulator of lean muscle mass as well as body fat content. Mst-knockout (Mst-KO) mice display a significant increase in skeletal muscle mass [68] , decreased fat deposition, enhanced fatty acid oxidation, improved insulin sensitivity and increased resistance to diet-induced obesity [7] , [69] . Although Mst expression is low in adipose tissues compared to muscle, its role in regulating adipogenesis is well documented [70] , [71] . Mst inhibits brown adipogenic differentiation in mouse brown preadipocytes in vitro [72] . Braga et al. [73] reported significant induction of PRDM16 and UCP1 expression in two white adipose depots (Epi and SC) isolated from Mst-KO compared to the wild type (WT) mice. Using primary cultures of differentiating mouse embryonic fibroblasts (MEFs) of WT and Mst-KO mice, the authors further confirmed the induction of key brown adipose markers in Mst-KO mice compared to the WT mice. This induction of key brown adipose differentiation markers were significantly blocked in the presence of exogenous recombinant Mst protein. They also demonstrated significant induction of adipocyte-specific marker adiponectin and energy-sensing AMP-activated protein kinase (AMPK) in differentiating MEF primary cultures isolated from Mst-KO mice compared to the WT mice. Subsequent studies published from several laboratories have confirmed that Mst inhibition promotes white adipose browning and improves insulin sensitivity [74] , [75] , [76] . Shan et al. [77] further confirmed that loss of Mst results in numerous small-sized brown adipocyte-like cells filled with multilocular small lipid droplets, representing key features of WAT browning and upregulation of a beige-specific gene signature. This upregulation of beige-specific markers was observed only in the mature adipocytes of Mst-KO and it was not due to increased beige cell progenitors present in WAT [77] . These authors further demonstrated that plasma extracted from Mst-KO mice significantly upregulated Ucp1 gene expression in adipocytes differentiated from the stromal vascular fraction of WAT, suggesting the possibility of non-cell autonomous effect of Mst on WAT browning [77] . In the same study, irisin, a protein product of the Fndc5 gene, was identified as a key mediator of WAT browning via activation of the AMPK-PGC1α-Fndc5 pathway. The absence of Mst has also been shown to improve insulin sensitivity in several in vitro and in vivo models [74] , [76] . Using an anti-Mst peptibody in C57BL/6 mice, Dong et al. [74] reported an increased expression of irisin in skeletal muscle, which contributed to WAT browning. Loss-of-function Mst mutation in Meishan pigs resulted in increased insulin sensitivity and browning of WAT [76] . Key browning genes Cd137 and Tmem26 were significantly upregulated in these Mst-deficient pigs. Levels of insulin receptor (IR) and insulin receptor substrate (IRS) proteins were significantly upregulated in the skeletal muscle of these Mst-deficient pigs. In a recent report, Mst was also shown to modulate posttranscriptional expression of FNDC5 and white adipose browning via a miR 34a-dependent mechanism [75] . Adeno-associated virus (AAV9)-mediated administration of Mst pro-peptide in adult low-density lipoprotein receptor null (Ldlr−/−) mice reduced diet-induced hepatosteatosis and progression of atherosclerosis [78] . Although the authors did not analyze the effect of this Mst pro-peptide on brown adipose activity/expression in this study, recent findings suggest a strong correlation between adipose browning, lipoprotein metabolism and progression of atherosclerosis [53] , [79] . It is possible that the observed beneficial effects of Mst inhibition on the attenuation of atherosclerotic lesion, plasma lipid profiles and insulin sensitivity in Ldlr−/− mice in this study may have been mediated at least in part via adipose browning. In summary, Mst inhibition promotes white adipose browning, improves insulin sensitivity and protects experimental animals from diet-induced obesity besides its well-known effect on building muscle mass. Figure 1 briefly summarizes the beneficial effects of antagonizing the components of TGF-β and related pathways including Mst during the progression of obesity and related metabolic diseases via induction of white adipose browning. 
Fst, adipose browning and energy metabolism
Fst binds and inhibits the activity of the TGF-β superfamily members in a variety of cell lines [80] , [81] , [82] , [83] . Pioneering experiments by Lee and McPherron [84] demonstrated that inhibition of Mst either by genetic elimination or increasing the amount of Fst resulted in greatly increased muscle mass. In spite of abundant literature demonstrating the role of Fst in the regulation of muscle mass and function, its role in regulation of energy and lipid metabolism remains largely unknown. Based on Fst's established inhibitory actions on Mst/TGF-β signaling and its induction during negative energy balance, it was hypothesized that Fst may regulate adipose browning and energy metabolism [85] .
Braga et al. [85] provided the first evidence that Fst promotes adipocyte differentiation, white adipose browning and influences overall energy metabolism. These initial findings provided a rationale to explore the functional role of Fst in the regulation of adipose tissue metabolism in subsequent studies and identify the molecular targets responsible for Fst action on both metabolically active WAT and BAT depots. Using transgenic mice expressing Fst under myosin light chain promoter (Fst-Tg) [84] , Singh et al. [86] analyzed the in vivo actions of Fst in both WAT and BAT. The group demonstrated for the first time that Fst promotes brown adipose function in beige and BAT via targeting distinct molecular pathways (Figure 2 ). Increased levels of circulating Fst in the transgenic mice were associated with increased (∼70%) interscapular BAT mass and upregulation of key brown adipocyte-specific markers Zic1, Lhx8 and Myf5 along with increased levels of Ucp1, Prdm16 and Glut4 gene and protein expression. Gene and protein expression analysis of Epi and SC WAT depots showed significant upregulation of Ucp1, Prdm16, Pgc-1α and Glut4 expression levels [86] . Immunohistological staining of both WAT with UCP1 antibody showed more multilocular adipocytes in SC tissues compared to the Epi fat in both WT and Fst-Tg mice [86] . These depot-specific differences in Epi and SC WAT are consistent with the published literature [89] . Importantly, UCP1 immunostaining was significantly higher in Fst-Tg compared to WT groups [86] . Several key markers involved in thermogenesis, fatty acid oxidation and mitochondrial biogenesis were significantly elevated in both WAT depots obtained from Fst-Tg mice compared to the WT mice [86] . Notably, the expression level of key beige-specific marker Cd137 was also found to be elevated in the FstTg group, suggesting that Fst is promoting browning of both Epi and SC WAT depots [86] . Further analysis of possible molecular targets for Fst in WAT and BAT identified involvement of two distinct molecular pathways that were responsible for promoting brown adipose characteristics in these two adipose tissues [86] . In Epi and SC WAT, Fst promotes increased phosphorylation of p38 MAP kinase and ERK1/2, while it increased Myf5 expression and brown adipose precursors in BAT [86] . The involvement of these distinct molecular targets were further confirmed using in vitro models of differentiating 3T3-L1 and brown pre-adipocyte cells [86] . Furthermore, significantly decreased levels of Myf5 expression in primary cultures of Fst-KO MEF were rescued by exogenous recombinant Fst treatment, reinforcing the importance of Myf5 during Fst signaling in these cells [86] . Thus, the process of adipose browning could be regulated by several compounds [87] . Fst-induced inhibition of pSmad3/ActRIIB signaling in both adipose depots suggests the involvement of the TGF-β pathway in regulating adipose browning characteristics. Smad3 was previously reported to be essential for the inhibition of myogenic transcription factor Myf5 in skeletal muscle [88] , [89] . As both skeletal muscle and BAT share the same Myf5-expressing progenitor cells, it is possible that Fst promotes muscle growth and BAT activation by induction of Myf5 expression and expansion of the precursor cell pool [90] , [91] . While the authors provide ample in vitro and in vivo evidence for the involvement of p38 MAPK/ERK1/2 in WAT browning, the involvement of other potential extrinsic factors may not be ruled out. Fst and Fndc5-encoded irisin levels increase following exercise [77] , [92] . Recombinant Fst treatment has been reported to upregulate Fndc5 gene expression in muscle [93] . It is, therefore, possible that increased secretion of irisin by skeletal muscle from Fst-Tg mice may induce phosphorylation of p38 MAPK/ERK1/2 to promote white adipose browning [94] . Fst-Tg mice were able to elicit an enhanced response in UCP1 protein levels following CL 316,243 treatment, suggesting the possible involvement of β3-adrenergic receptor (β3-AR) signaling, a well-defined activator of p38 MAPK during white adipose browning and non-shivering thermogenesis in BAT [95] , [96] . In conclusion, this study demonstrated for the first time that Fst targets both browning of WAT and activation of classical BAT alongwith its previously reported role in promoting skeletal muscle growth and, therefore, provides a rationale for exploring the therapeutic potential of Fst for the treatment of obesity and related metabolic diseases.
Conclusion
Emerging evidence supports the view that activation of BAT and beige adipocyte characteristics may contribute to the regulation of glucose and lipid homeostasis and prevent the development and progression of obesity and related metabolic syndrome. The possible mechanisms for these beneficial effects of BAT/beige activation are linked to their ability to promote energy expenditure, regulate whole blood glucose and lipid levels, increase insulin sensitivity and prevent liver steatosis and cardiovascular diseases. Therefore, exciting new strategies are being extensively explored to promote browning to combat obesity and several cardiovascular diseases. Inhibition of TGF-β/Mst/pSmad3 signaling either by pharmacological inhibition or genetic manipulation has shown promising results in several in vitro and animal studies. Accordingly, an efficient blockade of this pathway could open avenues for exploring the therapeutic potential of novel class of antagonists. Inhibition of Mst, a key member of the TGF-β superfamily has been shown to improve insulin sensitivity and prevent diet-induced obesity and other related metabolic dysfunction. It was presumed that these protective metabolic effects exclusively result from enlarged muscle mass resulting from Mst inactivation. However, several lines of evidence available in the literature now collectively demonstrate that Mst inactivation also significantly impacts the phenotype of WAT resulting in adipose browning. Fst, a known antagonist of Mst, has recently been identified as a novel regulator of brown adipose characteristics. Fst targets both browning of WAT and activation of classical BAT through distinct mechanisms. As Fst has previously been shown to induce skeletal muscle growth and development, it could be envisioned that this novel TGF-β/Mst antagonist could be used not only for the treatment of aging-related muscle dysfunction but also for obesity and related metabolic syndromes.
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